At temperatures below about 100°C, liquid-phase-sintered tungsten-base composites fail in a brittle manner because of the formation of cleavage cracks in the tungsten spheroids. Improving the ductility, then, would require some alloying addition or treatment which would improve the ductility of these spheroids, or some method of changing the stress distribution, such as putting the surface in compression, which would reduce stress concentrations and thereby require a higher load to initiate fracture.
INTRODUCTION
For certain specialized applications, such as penetration projectiles against bunkers and tanks, materials of high density having reasonable strength and some ductility are required. Cost and availability of suitable materials, such as platinum, gold, rhenium,and tungsten-rhenium alloys, prohibit their use except for a few very specialized applications. However, several manufacturers produce tungsten-base composites commercially for this purpose. Such composites fail in a brittle manner at ambient temperature and below.thereby reducing their reliability for field use. The addition of one or more alloying elements has been tried in an attempt to improve the low temperature ductility of such composites, but with limited success.
This report describes a coating and h^at-treating procedure which promotes low temperature ductility in such composites. This should not only improve the reliability of composite components now in use. but should extend the range of successful application. Facecentered-cubic metals and alloys exhibit ductile behavior to very low temperatures. Thus, the brittle behavior of these composites at temperatures around ambient and below must be due to the single-2 crystal tungsten spheroids. An earlier study shows that this is the case, and that such failure is caused by cleavage fracture (brittle failure) of these spheroids.
A number of different alloying elements have been added to liquid-phase-sintered tungstenbaso composites in an attempt to improve low ternperature ductility.
Rhenium is the most popular addition since it is reported to lower the ductile-brittle transition temperature in pure tungsten. The experimental results discussed above indicate that crystallographic orientation, impurity content, and surface roughness are all important in achieving low temperature ductility. Diffusion bonding a ductile surface coating to the composite should lessen the effects of surface imperfections, spread the shear stresses over a larger area, and oppose the initiation and opening up of cleavage cracks, In this way, plating with a ductile coat followed by a heat treatment designed to control diffusion bonding of the coat and composite should improve the low temperature ductility of liquidphase-sintered tungsten-base composites.
III.
EXPERIMENTAL TECHNIQUES The basic composite composition of 95%W-3. 5%Ni-l. 5%Fe* was chosen since it had been used for a number of other applications. Two series of compositions were studied, one where part of the tungsten was replaced by the same weight percent of rhenium, and the other where part of the tungsten was replaced by the same weight percent of platinum. The replacement additions were in amounts of 1/4%, 1/2%, 3/4%, 1%. 2%,and 4%.
ITie nickel-iron-rhenium/platinum powders were preblended, and then blended with tungsten powder for on additional 8 hours. This mixture was then isostatically pressed at 345MPa (50,000 psl) into green compacts about 5 cm diameter by 7.5 cm long (2 in. x 3 in. >. These compacts were heated slowly in hydrogen to 1623K <1350°C). held for 2 hours, and then raised to the sintering .emperature U773K. 1500°C). After sintering tVr 2 hours, they were cooled to 1473K (1200°C), held for 2 hours in vacuum and then furnace-cooled to room temperature.
Oversize blanks for bend specimens were cut from the sintered compacts with a milling cutter. These were then surface-ground to 1. 52 x 12.7x38.1 mm (0.060 in. x 0.5 in. xl. 5 in.) bend specimens. The bend specimens were then hand-sanded 'Compositions are in weight percent.
at right angles to the grinding direction on ISO grit paper until all grinding marks were removed, and then further polished through 600 grit paper with the final grinding direction lengthwise to remove all stress raisers that might cause premature fracture in the bend test. A series of tests were made on specimens at this stage of preparation, not only to determine the effect of rhenium or platinum additions, but also as a base for comparison to the ductility results after the coating and heat-treating operations.
The four different coatings applied were copper, gold, cobalt, and nickel. Nickel anc' , cobalt alloy raadily with tungsten, so these were electroplated directly on the composite specimens. Copper and gold are insoluble in tungsten and therefore require a strike coat to promote metallurgical bonding. Thus, for copper and gold coats, a strike layer of cobalt about 0.0025 to 0.0058 mm (0.0001 in. to 0.0002 in) was electroplated onto the surface,followed by electroplating the desired final coat. Coaling thicknesses of approximately 0.05 mm (0.002 in) were used. The coated specimens were then held in vacuum at a number of different temperatures up to 1223K (950°C) in order to promote diffusion of the coat with the base composite. A number of holding temperatures were used, because this was one of the experimental parameters. After a 1 hour hold at temperature, the specimens were allowed to cool in vacuum. Because diffusion distance is a function of t (where t is time) and an exponential function of temperature, then for a given bond zone width, small variations in time arc insignificant, but temperature must be closely controlled. 24 A standard bend-test was used for ease in comparison of these results with some of our earlier results, as well as literature values from studies on other refractory metals and alloys by other experimentalists. This test is simply the bending of a strip specimen between two supporting rolls by a ram having a radius re lai;d to the Assembly of parts would be made easier.
For example, parts coated with copper could be soft-soldered, or brazed with a low melting brazing alloy. Satisfactory joints could be readily II made, vacuum-tight if necessary, without decreasing ductility appreciably since 3uch joining processes do not require temperatures higher than about 1O73K (800°C). Also, surface flaws in a composite could be repaired in much the same way by soldering in plugs or by simply filling the pore or flaw with some other satisfactory material. Perhaps the soldering or brazing of rings, fins, or other protuberences onto composites rather than having them machined-in so that they are integral would make the use of smaller sintered compacts possible, thereby reducing overall material requirements and machining costs.
VII. CONCLUSIONS Liquid-phase-sintered tungsten-base composites have been given an integral coating of copper, gold, cobalt,or nickel. Such coatings re<li>ce the tendency for cleavage fracture, thereby making the coated composites much more ductile at the lower temperatures.
Such coatings could be beneficial in other ways, such as for corrosion resistance, in applications where special surface properties are required, and to allow soldering or brazing to be done,thereby making joining operations feasible.
The substitution of other coating materials should be possible, thereby extending the uses for such unusual composite materials. 
